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Pasture Systems
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Pasture Nitrogen Flow

Introduction
Pastureland comprises about 72 million acres in the humid eastern
one-half of the USA, and there is evidence that many pastures are
being managed more intensively (e.g., Undersander et al. 1993).
Pasturing generally is thought to be benign in terms of environ-
mental impact, unless grazing is poorly managed, but this conclu-
sion is based largely on measurements in mown perennial forages.
For example, it is common to find that nitrate-nitrogen (NO

3
-N)

concentrations in soil or leachate under perennial hay crops are
lower than under annual crops (Kollenbrander 1981). However,
grazing by large herbivores alters the N balance of grassland.
Increasing awareness of agriculture’s impact on the environment
in the late 1960’s and early 1970’s prompted research in Europe
and New Zealand on the environmental impacts of intensive
animal production on pasture. This review is based primarily on
research results from those countries, because there is little data
from North America.
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N Inputs and
Transformations
Nitrogen enters a pasture primarily as
fertilizer (when applied), symbiotic
dinitrogen (N

2
) fixation, supplemental

feed (via manure), and atmospheric
deposition; it leaves the field by a vari-
ety of pathways, some of which are
desirable, such as in milk, meat, and
wool, and some of which are undesir-
able, including leaching of NO

3
 ions,

runoff of particulate or dissolved N, or
gaseous losses through denitrification
or volatilization (Fig. 1).

nonlegumes) will likely decrease N min-
eralization rates, whereas species with
low C:N ratios (e.g., legumes and highly
fertilized nonlegumes) will increase N
mineralization (Gill et al. 1995, Wedin
1996). Soil OM under perennial ryegrass
(Lolium perenne L.)/white clover (Tri-
folium repens L.) mixtures appears to be
mineralized more rapidly than under
grass alone.

Animal Excretion
Most of the feed N consumed by live-
stock is excreted. Lactating dairy cows,
the most efficient converters of feed N
to food N among the ruminants, excrete
70 to 80% of the N they consume (Yeck
et al. 1975). In contrast, young growing
animals excrete about 90% of feed N,
and N excretion by mature animals es-
sentially equals N consumption, except
for wool or hair production (Worthington
and Danks 1992). Furthermore, grazing
herbivores harvest herbage from large
areas and return most of the ingested N
in excreta patches that cover 20% or less
of the harvested area in a given year
(O’Connor 1974).

Cattle urinate 8-12 times and defecate
from 11-16 times per day (Haynes and
Williams 1993). The size of excreta
patches varies. For dairy cattle, average
areas covered by urine range from 1.7 to
5.3 ft2, whereas feces cover between 0.5
to 1.0 ft2.

Variations in dietary N and energy
content are reflected in urinary N output
far more than in dung (Fig. 2; White-
head 1970). Urine-N is “applied” by
dairy cows at rates of about 1000 lb N/
acre (Steele 1987) and in volumes
equivalent to 100 inches per hour, greatly
exceeding water infiltration capacity of
soils. Urea and ammonium (NH

4
) are

found primarily in the upper 8 inches of
soil in a urine spot, but deeper move-
ment is detected occasionally (Williams
and Haynes 1994). In well developed
pasture soils, numerous macropores from
old root channels, earthworms, and other
faunal activity provide a means for rapid
movement of ponded urine into the soil.
Nitrification is delayed in urine spots
due to the high pH, ammonia (NH

3
)

concentration, and osmotic strength of
urine, and it may require more than a
week before appreciable amounts of NO

3

Large amounts of N cycle through
soil microorganisms and mesofauna,
pasture plants, livestock, and soil or-
ganic matter (OM). The annual flux of N
through biomass is larger than the total
N removed in milk, meat, and wool
(Brookes et al. 1985). Net N mineraliza-
tion from soil OM in 12-yr-old swards
ranged from 5 to 9% of the total soil N
(Hatch et al. 1991), considerably higher
than the 2% typical of annual cropping
systems (Schepers and Mosier 1991).

Much of the uneaten herbage on liv-
ing plants decomposes in pastures, as do
dead roots on living plants and residues
from plants that have died. Nitrogen
cycling from these tissues is regulated in
part by their C:N ratio, so species with
high C:N ratios in root and shoot litter
(e.g. low and moderately fertilized

Figure 1.  Schematic diagram of the N cycle in a typical pasture (Russelle 1992). Nitrogen
pools are shown in their relative average sizes: ON, organic soil N (about 100 times larger
than other pools, and which includes plant and animal residues); MB, soil microbial biomass
N (bacteria, fungi, etc.); FB, soil mesofauna biomass N (earthworms, insects, etc.); IN, soil
inorganic N (NH

4
, NO

2
,and NO

3
); PB, plant biomass N (shoots and roots of living plants); and

HB, large herbivore biomass N (livestock). The rectangle represents field boundaries. For
clarity, not all directions of flux are shown.

Figure 2. The relationship between N con-
centration in ingested feed (based on the
digestible organic matter of the diet) and N
excretion in urine of lactating dairy cows fed
freshly cut, highly fertilized herbage or herb-
age plus different dietary supplements (re-
drawn from Valk and Hobbelink 1992). Ni-
trogen use efficiency for milk production
increased from about 18 to about 28% and
urine-N excretion decreased by 50% when
low-protein, high energy supplements were
fed.
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appear in a urine patch (Fig. 3; Monaghan
and Barraclough 1992).

Dairy cows tend to excrete about 0.8
lb N in dung per 100 lb dry matter
consumed, regardless of feed N concen-
tration (Barrow 1987; Lantinga et al.
1987). Typical application rates in a
dung patch are equivalent to about 900
lb N/acre for cattle (Haynes and Will-
iams 1993). Little dung N is available to
plants immediately, and subsequent N
mineralization is regulated largely by
air temperatures, precipitation, and in-
sect activity.

N uptake and N 2 Fixation
Growing plants recover relatively small
proportions of the urine-N, due to N
losses and to N immobilization by soil
microorganisms (Nannipieri et al. 1990).
Recovery of urine-N often is in the range
of 20 to 30% for highly productive pas-
tures (Haynes and Williams 1993). Plant
N recovery is better for urine deposited
in spring and summer than in autumn,
because of rapid plant growth. Plant
species may differ in urine-N recovery,
due both to inherent uptake ability and
to adverse reactions to urine (scorch).

White clover in clover/grass pastures
often shows annual N

2
 fixation rates of

100 to 300 lb N/acre (Hoglund and Brock
1987). For different legumes and grow-
ing conditions, the amount of N

2
 fixed

ranges from about 1 to 4 lb N/acre/year
for each 1% of legume in the mixture
(Heichel and Henjum 1991).

Symbiotic N
2
 fixation by legumes is

reduced in urine spots. Averaged over
four perennial forage legumes growing
on an irrigated loamy sand soil in Min-
nesota, the amount of N derived from N

2

fixation was 87% for control plots, 75%
for plots receiving dairy cow dung, and
26% for plots receiving dairy cow urine
(Russelle and Buzicky 1988).

Legumes that are actively fixing at-
mospheric N

2
 may not absorb as much

NO
3
 as grasses or legumes that are not

fixing N
2
 (Blumenthal and Russelle

1996). Moreover, significant amounts
of fixed N can be transferred from le-
gumes to grasses (Heichel and Henjum
1991). When clover comprises a large
part (i.e. more than 30%) of a perennial
ryegrass/white clover pasture, there may

be little benefit in herbage, meat, or milk
production with N fertilizer applications
(Snaydon 1987). Thus, of all agricul-
tural systems, perhaps pastures and me-
chanically harvested grasslands provide
the greatest opportunity for legumes to
make substantial contributions of N
(Peterson and Russelle 1991).

Figure 3. Time course of soil NH
4
-N and

NO
3
-N concentrations in an artificial urine

spot applied at 535 lb N/acre equivalent in
midsummer (adapted from Ball et al. 1979).
Two depth increments are shown, 0 to 3
inches (1.5” midpoint) and 3 to 6 inches
(4.5” midpoint). Conversion of NH

4
 to NO

3
is slower under low temperatures (e.g., in
spring and autumn) than in midsummer.
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“... significant amounts of
fixed N can be transferred
from legumes to grasses ...”

N Losses
Surface Runoff
Water infiltration rates are faster and
aggregate stability is higher under pe-
rennial forages than under annual crop-
ping, so losses of N in sediment and in
solution are lower for grasslands, except
where livestock have damaged the plant
cover or soil structure (Pearson and Ison
1987). In Ohio, less than 25% (9 lb N/
acre) of the total N losses measured in
leaching and runoff occurred via runoff
from alfalfa (Medicago sativa L.)/grass
mixtures (Owens et al. 1994).

Ammonia Volatilization
Volatilization of NH

3
 is most rapid for

the first 2 days after urine application
and losses often total 15 to 25% of urine
N (Haynes and Williams 1993). Greater
losses may occur under the warm, dry
conditions typical of summer in the USA,
because NH

3
 loss increases with tem-

perature (Lockyer and Whitehead 1990).
An estimated 0.77 million lb of NH

3
-N

are lost to the atmosphere each year
from sheep production in the eastern
USA (east of about 95° W latitude;
Russelle 1996). The meat sold from
these lambs contains about 1.2 million
lb of N and sheared wool contains 0.5
million lb of N. Thus, NH

3
 losses from

sheep grazing in the eastern USA may
equal 40% of the total N removed in
economic products.

Ammonia losses from dung generally
are smaller than from urine, primarily
because little free NH

3
 is present in feces

(Kirchmann and Witter 1992). During
the first 2 weeks after deposition, NH

3

losses were only 1 to 5% for cattle dung
(Ryden et al. 1987). Ammonia can be
absorbed by N-deficient herbage (Lemon
and van Houtte 1980), thereby recy-
cling it rapidly. Swards of perennial
ryegrass or alfalfa absorbed up to 0.22 lb
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N/acre/day (Bussink 1994).

Denitrification
Denitrification occurs when a combina-
tion of factors are present: a readily
available supply of oxidizable sources
of carbon, high concentrations of NO

3

or NO
2
, and low availability of oxygen

(Firestone and Davidson 1989). These
conditions occur frequently under dung
pats or in urine patches. The end prod-
ucts of denitrification are mainly N

2
O

and N
2
. Nitrous oxide degrades atmo-

spheric ozone and acts as a “greenhouse”
gas by absorbing longwave radiation,
whereas N

2
 is benign.

Denitrification is higher under graz-
ing than with mechanical harvesting
(Ryden 1986). Lower rates of denitrifi-
cation were found for perennial ryegrass/
white clover swards than for fertilized
perennial ryegrass. Urine spots on 10 to
15% of the pasture made a larger contri-
bution to total denitrification loss in
grazed perennial ryegrass/white clover
than the rest of the pasture area (Ruz-
Jerez et al. 1994). Rates of denitrifica-
tion are higher in autumn, when NO

3

uptake by plants is slower and soil tem-
peratures are not yet too cold to inhibit
microbial activity (Ryden 1986), and
may be large during spring thaw
(Goodroad and Keeney 1984).

Nitrate Leaching
Another pathway of N loss is through
NO

3
 leaching. Although NO

3
 leaching

losses are generally smaller under pe-
rennial grasslands than under annual
crops (Fig. 4), soil solution concentra-
tions exceeding 50 ppm NO

3
-N have

been reported in grazed paddocks
(MacDuff et al. 1990), much in excess
of the Public Health limit of 10 ppm
NO

3
-N for drinking water in the USA.

Leaching losses averaged about 75 lb N/
acre/year under perennial ryegrass/white
clover pastures that did not receive N
fertilizer (Field et al. 1985). Scholefield
and Tyson (1992) concluded that NO

3

losses are related more to rates of animal
production than to composition of the
pasture plant community.

Nevertheless, plant species vary in
their ability to absorb inorganic N and in
use of subsoil water supplies. In New

Zealand, there was no appreciable NO
3

uptake below 18 inches by perennial
ryegrass/white clover pastures (Field et
al. 1985). Deeply rooted pasture species
can help attenuate NO

3
 leaching losses.

Reed canarygrass (Phalaris arundinacea
L.) and alfalfa, for example, both pro-
duced roots that penetrated to 9 feet after
3 years in a dense clay loam soil and
apparently removed large amounts of
soil NO

3
 (Russelle et al. 1993).

Fraser et al. (1994) found only small
leaching losses of N (8% of the 450 lb N/
acre equivalent applied) from urine ap-
plied to large drainage lysimeters, and
attributed that to N uptake by the sward
(43% of the applied N) and high denitri-
fication (28% of the applied N). Urine
had been applied before rapid plant
growth in spring and the investigators
kept the soil moist to promote leaching.
About 88% of the urine N taken up by
the sward was found in the perennial
ryegrass, with the remainder in white
clover. Thus, adding a grass to a pure
legume pasture should improve N reten-
tion and reduce N losses.

Leaching losses are most probable
during the period from autumn to spring
(except in frozen soils), when pasture
growth is slow and precipitation ex-
ceeds evapotranspiration. In a grazing
experiment at Prairie du Sac, WI, on the
clay loam soil, we fed lactating Hol-
steins different rates of supplement dur-
ing 1994 and 1995. During the leaching
period from autumn 1994 to spring 1995
after one year of intensive rotational
grazing, we measured leaching losses
ranging from only 0 to 5 lb N/acre under
the grazed pastures and adjacent mowed
swards, but 19 lb N/acre directly under
urine spots. There was high variability
among drainage lysimeters within each
paddock; about 80% of the lysimeters
showed losses of less than 0.5 lb N/acre.

We were somewhat surprised at these
low leaching losses, because soil NO

3
-N

concentrations in November 1994 aver-
aged 37 lb N/acre more under pasture
than under mowing, and averaged 275
lb N/acre higher directly under urine
spots than under mowed swards. We
suspect that denitrification may be sub-
stantial in this heavy-textured soil and
that the pasture plants recovered some

Figure 4. Relationship between fertilizer
N rate and NO

3
-N leaching losses for arable

and grassland crops grown on sandy and
clayey soils, adjusted to 1 acre-foot of drain-
age per year (redrawn from Kollenbrander
1981). Applied N was expressed as inor-
ganic N for fertilizer and total N for manure.

“... Deeply rooted pasture
species can help attenuate
NO3 leaching losses.”

“Denitrification is higher
under grazing than with
mechanical harvesting ...”
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of the subsoil NO
3
 before it moved be-

neath the root zone. In addition, NO
3

measured in soil cores may not repre-
sent N available for leaching in highly
structured, fine textured soils where most
water moves through macropores and
between soil aggregates.

N Balance
Changes in agricultural management will
alter N storage and removal from soil
OM, as well as affecting overall N cy-
cling and loss. Intensified management
of pastures in New Zealand leads to
lower soil organic N concentrations
(Field and Ball 1981). Declines over
several years, despite N inputs through
fertilization and N

2
 fixation, imply that

large losses occur in these systems un-
der some combinations of soil and cli-
mate. However, on one soil series in
South Australia, some pasture sites
showed declining, whereas others
showed increasing amounts of total N,
all moving toward an apparently similar
equilibrium level of 0.5% total N (Russell
and Harvey 1959).

Recommendations for
Minimizing N Losses
Although there is a greater propensity of
terrestrial ecosystems to lose N as the
intensity of production increases
(O’Connor 1974, Ruz-Jerez et al. 1993),
relatively efficient N use can be estab-
lished in grazing systems because of
rapid N recycling (Parsons et al. 1991),
thereby limiting the need for high pur-
chased inputs. For example, both greater
N use efficiency and lower losses can be
achieved in perennial ryegrass/white
clover pastures than in heavily fertilized
(375 lb N/acre/yr) perennial ryegrass
pastures (Parsons et al. 1991), providing
white clover populations do not exceed
90% of the stand (MacDuff et al. 1990).

Many management alternatives alter
the pathways of N loss, but may not
change the amount lost from the farm, if
animal productivity or efficiency of N
use in the animals does not change. For
example, in comparing rotational graz-
ing and set stocking of sheep in New
Zealand with similar N inputs, Brock et

al. (1990) found that animal productiv-
ity and N storage in the system were
similar, but that set stocking caused
higher NO

3
 leaching, whereas rotational

grazing caused higher gaseous losses.
They concluded that graziers should
select their management approach based
on the susceptibility of water supplies to
contamination.

N Fertilization
Fertilizer N rate and management obvi-
ously are important management tools
to minimize environmental problems
from all agricultural enterprises, includ-
ing livestock farms using confinement
systems, which tend to have excessive N
inputs (Daberkow et al. 1988, Legg et al.
1989). Leaver (1991) found that on-
farm N response in mown forage pro-
duction averaged 20 lb DM/lb N ap-
plied, but was only 8 lb DM/lb N in
grazed forages. Highly fertilized grass
also contains surplus amounts of rumen
degradable protein, which is lost by uri-
nation, than does grass grown with less
fertilizer N (van Vuuren and Meijs 1987).
Therefore, fertilizer N recommendations
based on mown forages likely are exces-
sive for grazed systems, particularly for
intensive rotational grazing, and may
result in environmental damage with
little or no gain in animal productivity
(Parsons et al. 1991).

Because most US states recommend
less than 180 lb N/acre/year on pastures,
N losses probably are small or moder-
ate, in comparison to more intensive
grazing systems practiced elsewhere
(Brown 1996). It is commendable that
some states recommend smaller fertil-
izer N rates on pasture than on mown
forages. It is difficult enough to predict
N needs accurately in relatively homo-
geneous systems like continuous corn
production, so it may be impossible to
accurately predict N needs for pastures
(Snaydon 1987).

When clover comprises a significant
part (i.e., more than 30%) of a perennial
ryegrass/white clover pasture, there ap-
pears to be little benefit in herbage,
meat, or milk production from N fertil-
izer applications (Snaydon 1987). Again,
some US states recommend no N fertil-
izer on pastures with high proportions of

“Changes in agricultural
management will alter N
storage and removal from
soil OM, as well as affecting
overall N cycling and loss.”

“... set stocking caused
higher NO3 leaching,
whereas rotational grazing
caused higher gaseous
losses.”
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legume in the stand. Snaydon (1987)
suggested that two economic optima
may exist — one with low or no N
fertilizer applied to grass/legume swards,
and one with high N fertilizer rates (270
to 350 lb N/acre/year) on pure grass
swards. Evidence from the literature
shows that the latter system is likely to
cause significant environmental degra-
dation (Fig. 5).

There will be less chance of having
high soil NO

3
 concentrations at times of

high leaching if fertilization rate and
timing match pasture plant needs. Rapid
field tests for N supply may provide a
means of reducing N applications while
limiting concurrent reductions in pro-
ductivity (Titchen and Scholefield 1992,
Scholefield and Titchen 1995). Dutch
researchers are developing and testing
an approach that uses soil clay and OM
content, depth to ground water, and
weather to estimate fertilizer N needs of
grassland (Oenema et al. 1992).

Over the long term, the computer simu-
lation model of Scholefield et al. (1991)
predicts that adding 360 lb N/acre to a
previously nonfertilized grass/clover
pasture grazed by beef cattle in England
would result in a twofold increase in
animal product, a threefold increase in
NH

3
 volatilization (up to 45 lb N/acre/

year), 35 times more denitrification (up
to 60 lb N/acre/year), and 33 times more
NO

3
 leaching (up to 150 lb N/acre/year).

Soil organic N would decline without
fertilizer N additions, but increase with
360 lb N/acre/year. Losses of 66% of the
added N would occur through gaseous
and solution pathways, whereas only
5% would be recovered in animal prod-
ucts. These predictions of N flux clearly
will vary with climate, soils, plant com-
munities, and herbivore species.

Feeding Management
Reducing the concentration of N in urine
patches may be possible. Adding 2%
molasses to drinking water increased
water intake by grazing yearling steers,
and reduced N concentration in urine
from 8600 to 3700 ppm (Lantinga et al.
1987). No differences were observed
when this experiment was repeated with
lactating dairy cows, but addition of a
readily degradable energy source to the

water supply also may improve N use
efficiency in milk and meat production.
An alternative, albeit speculative, ap-
proach would be to identify pasture plant
species that have diuretic properties,
thereby increasing the frequency of uri-
nation and decreasing the total amount
of N applied in each urine spot. It would
be important to evaluate how this strat-
egy might influence animal health and
longevity.

Pasture herbage typically is high in
rumen-degradable protein, but low in
digestible energy, so moderate feeding
of supplemental energy sources (corn
silage, corn grain, etc.) that contain little
protein may increase animal productiv-
ity and reduce N excretion (Weissbach
1994). Purchased supplemental feed
comprises a substantial input of N on US
dairy farms (Bacon et al. 1990). It is
possible to improve N use efficiency
and production in livestock by properly
balancing digestible energy and protein
in the diet (see chapter by L.D. Satter in
this volume).

In addition, supplementation may re-
duce pasture consumption, thereby
bringing protein consumption more in
line with dietary needs (van Vuuren and
Meijs 1987). If pasture consumption per
animal declines, then more animals could
be grazed on the pasture, resulting in
higher profits per unit land area, and
perhaps improving pasture fertility
through improved excreta distribution.
Hammond et al. (1993) showed that
blood urea N concentrations may pro-
vide a potential tool to indicate when
grazing livestock would respond to en-
ergy supplementation.

Grazing Time
Shortening the time grazing is allowed
reduces direct deposition of excreta in
the pastures, but this would require more
mechanical harvesting and manure han-
dling. In the Netherlands, many live-
stock are grazed during the day and are
fed corn silage indoors at night to reduce
both deposition of excreta in pasture and
total dietary N concentration (Kuipers
1994). This approach likely would in-
crease total NH

3
 losses from the farm,

unless stored manure is covered, but
should reduce NO

3
 leaching losses con-

“Losses of 66% of the added
N would occur through
gaseous and solution
pathways, whereas only 5%
would be recovered in
animal products.”

Figure 5. Soil NO
3
-N concentration in late

autumn beneath nonfertilized perennial
ryegrass/white clover (GC) and fertilized
(188 or 375 lb N/acre/year) perennial
ryegrass (G) pastures grazed by sheep (re-
drawn from Parsons et al. 1991). Effective
rooting depth of these forage species is lim-
ited to about 2 feet.
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siderably (Mandersloot et al. 1993). An
additional approach is to remove pas-
ture growth by mechanical means in the
autumn, to avoid deposition of excreta
before the autumn and spring leaching
period (‘t Mannetje and Paoletti 1992).
Many graziers are considering keeping
their animals outside year round. This
practice may lead to increased surface
water contamination on sloping soils
that freeze during winter, just as occurs
when slurry is applied to frozen soils.

Potential problems with higher graz-
ing intensities include pasture damage
by hoof traffic due to high animal num-
bers, especially in spring. Soil compac-
tion can increase denitrification losses
markedly, so avoidance of grazing on
wet soil where hoof traffic will damage
soil structure may reduce N loss by this
pathway (Rheinbaben 1990). Draining
wet soils may lead to vastly increased
NO

3
-N losses through tile lines

(Scholefield et al. 1991), so decisions
about artificial drainage should include
consideration of potential surface and
ground water quality impacts.

Caveats and Outlook
Caveats to these recommendations are
that measurements of N cycling in the
USA are rare, and data from other areas
of the world may not apply to many of
our conditions. Projection of effects on
N cycling arising from these differences
is difficult, at best, because of the dy-
namic, interacting nature of these fac-
tors. Despite these reservations, many
of these recommendations should help
decrease N losses and improve the recy-
cling of N in our pasture systems.

The multiple benefits of intensive ro-
tational grazing, including economic re-
turns, higher quality of life for the farm
family, improved herd health, and more
diverse farm ecosystems, are strong in-
centives to expand use of this manage-
ment system. As graziers become more
aware of how pasturing affects N cy-
cling, we can expect that they will help
develop and incorporate innovative ways
to better manage their systems and pre-
vent environmental degradation.
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